In flowering plants, cell-cell communication plays a key role in reproductive success, as both pollination and fertilization require pathways that regulate interactions between many different cell types. Some of the most critical of these interactions are those between the pollen tube (PT) and the embryo sac, which ensure the delivery of sperm cells required for double fertilization. Synergid cells function to attract the PT through secretion of small peptides and in PT reception via membrane-bound proteins associated with the endomembrane system and the cell surface. While many synergid-expressed components regulating PT attraction and reception have been identified, few tools exist to study the localization of membrane-bound proteins and the components of the endomembrane system in this cell type. In this study, we describe the localization and distribution of seven fluorescent markers that labelled components of the secretory pathway in synergid cells of Arabidopsis thaliana. These markers were used in co-localization experiments to investigate the subcellular distribution of the two PT reception components LORELEI, a GPI-anchored surface protein, and NORTIA, a MILDEW RESISTANCE LOCUS O protein, both found within the endomembrane system of the synergid cell. These secretory markers are useful tools for both reproductive and cell biologists, enabling the analysis of membrane-associated trafficking within a haploid cell actively involved in polar transport.
INTRODUCTION
Sexual reproduction in flowering plants requires communication between highly specialized cells to ensure the successful delivery, reception, and fusion of gametes (Russell, 1992; Chevalier et al., 2011) . This need for cell-cell communication is primarily due to the complex nature of their reproductive development. Multicellular gametophytes (the gamete-producing generation) of flowering plants develop deep within the tissues of entirely separate floral organs (male gametophytes in anthers and female gametophytes in ovules) (Tucker and Koltunow, 2014; Hafidh et al., 2016) . In order to reproduce, the male gametophyte (pollen) must land on a receptive stigma of a flower and produce a tip-elongating pollen tube (PT) to transport the male gamete(s) through the pistil to the female gametophyte (embryo sac). The mature pollen grain of Arabidopsis thaliana is tricellular, made up of two sperm cells and a vegetative cell, while the mature embryo sac is composed of seven cells [the egg cell and central cell (the two female gametes)], along with five accessory cells consisting of two synergids and three antipodals ( Figure 1a ; Drews and Yadegari, 2002) . The two synergids are located at the micropylar end of the embryo sac and have critical roles in mediating both the attraction and reception of the PT. Synergids secrete small cysteine-rich peptides (LUREs) that attract the PT and guide its growth towards the ovule micropyle (Higashiyama and Takeuchi, 2015) . After arriving and communicating with the receptive synergid cell, PT reception initiates as the PT pauses its growth. The PT then enters the embryo sac and ruptures, releasing the two sperm cells required for double fertilization (Kessler and Grossniklaus, 2011; Beale and Johnson, 2013) . These complex and dynamic interactions have made it difficult to understand the cellular processes occurring in the synergid cells, regulating both PT attraction and reception.
The synergid cell is highly polarized with a large vacuole at one end and a region of extensive membrane invaginations and cell wall in-growths in the micropylar end, known as the filiform apparatus (FA; Mansfield et al., 1991; Huang and Russell, 1992) . This region of invagination greatly increases the surface area of the synergid's plasma membrane at the micropylar interface and gives 'transfer cell'-like qualities to the synergid cells (Jensen, 1965; Gunning and Pate, 1969; Sumner and Caeseele, 1989; Mansfield et al., 1991; Huang and Russell, 1992) . The FA is the first site of contact between the PT and embryo sac and, although the structure and morphology of the FA differs across taxa, conservation of the FA's positioning at the entrance of the embryo sac suggests that this site is important for communication with the PT upon arrival (Mansfield et al., 1991; Leshem et al., 2013) . Additionally, many proteins involved in regulating both attraction and reception of the PT localize to the FA. The cysteine-rich LURE peptides localize to the FA within synergids of both Torenia fournieri and A. thaliana (Okuda et al., 2009; Takeuchi and Higashiyama, 2012) . LUREs are also detected throughout the ovule integument cells surrounding the micropyle, demonstrating that they are actively secreted from the FA into the apoplast of the micropyle (Takeuchi and Higashiyama, 2012) . The receptor-like kinase FERONIA (FER), and the glycosylphosphatidylinositol (GPI)-anchored surface protein LORELEI (LRE) both polarly localize to the FA of the synergid cell (Figure 1b) , where they function in PT reception (Escobar-Restrepo et al., 2007; Lindner et al., 2015; Liu et al., 2016) . FER's localization to the FA is, at least partially, dependent on LRE-mediated chaperoning from the endoplasmic reticulum (ER) and LRE/FER may function together in this pathway as a complex (Li et al., 2015; Liu et al., 2016) . The MILDEW RESISTANCE LOCUS O (MLO) family protein NORTIA (NTA), a seven-spanning transmembrane protein also involved in mediating PT reception, initially localizes to Golgi distributed throughout the synergid cell in a mature embryo sac ( Figure 1c ) and redistributes to the FA in a FER-dependent manner after PT arrival (Kessler et al., 2010; Jones et al., 2017) . In a recent structure-function analysis of NTA's role in PT reception, it was found that closely related MLO proteins could substitute for NTA in this pathway if they localized to the Golgi, suggesting that MLO localization in Golgi prior to PT arrival is a pre-requisite for their function in PT reception (Jones et al., 2017) .
Proteins localized in the plasma membrane of plant cells mediate communication between multiple cells within a tissue as well as between a cell and its environment. These proteins are targeted to the plasma membrane from within the cell via the secretory pathway. Polar trafficking, the directional transport of proteins to the plasma membrane, utilizes the endomembrane system to recycle proteins and restrict their diffusion within a specific region of the plasma membrane, ensuring a polarized distribution (Naramoto, 2017) . Both polarized trafficking and secretion are involved in PT attraction and reception indicating that the synergid secretory pathway plays a critical role in regulating these processes. Characterizing the secretory pathway in the synergid cell and identifying compartments directly involved in either PT attraction or reception will be a vital step towards understanding key regulatory mechanisms in flowering plant reproduction. While subcellular markers have been used to describe the localization of both LRE and NTA, both experiments also revealed fluorescent signals beyond the organelle markers used (Liu et al., 2016; Jones et al., 2017) . In this study, we used confocal laser scanning microscopy (CLSM) to perform co-localization experiments in the synergid cell with a set of fluorescent markers to label components of the secretory pathway in an attempt to more thoroughly define the distributions of LRE and NTA in the synergid cell before PT arrival. We generated markers based on established proteins or signals (signal peptides and/or retention motifs) that have been shown to localize fluorescent proteins to specific compartments within the endomembrane system of vegetative cells (Nelson et al., 2007; Foresti and Denecke, 2008; Geldner et al., 2009; Drakakaki and Dandekar, 2013) . These markers enabled co-localization analyses with known components involved in PT reception and provide a baseline for understanding endomembrane compartment distribution within synergid cells in vivo using CLSM. This suite of markers was stably transformed into the Columbia-0 (Col-0) ecotype and characterized in a wild type background (i.e. solely expressed in synergid cells and not in conjunction with other reporter fusion proteins), so that it can serve as a tool to study the secretory pathway of synergid cells by reproductive and cell biology communities.
RESULTS

Distribution of secretory pathway markers in synergid cells
Synergids are specialized cells that function in PT attraction and reception, both processes that require the complex regulation of their secretory pathway for trafficking of cargo. While the biological function of these cells has become clearer, comprehensive analysis of the cellular components directly involved in these processes remains difficult. To bridge this knowledge gap and better describe the secretory pathway of the synergid cell, seven fluorescent markers that localize to different components of the secretory pathway in vegetative cells were expressed under synergid-selective promoters and stably transformed into the Col-0 background (Figure 2 and Table S1 ). Synergid-expressed markers for the ER, Golgi, peroxisomes and the trans-Golgi Network (TGN; SYP61) had all previously been used in co-localization analyses with LRE and NTA (Liu et al., 2016; Jones et al., 2017) , however none of these markers had been solely expressed in synergid cells to determine marker distribution in the absence of other reporter fusion proteins that could adversely affect organelle marker localization. No discernible differences were detected in marker distribution in the wild type background (Figure 2b-d, h ) compared with the previous findings (Liu et al., 2016; Jones et al., 2017) , indicating that these markers are not noticeably influenced by the presence of either LRE or NTA-reporter fusion proteins.
SP-mCherry-HDEL (an ER-associated marker (Nelson et al., 2007; Liu et al., 2016) ) was distributed throughout the synergid cell but was predominantly excluded from the FA (Figure 2b ). The reticulate nature of the ER was apparent using this marker in synergids, with transvacuolar strands detected in the chalazal vacuole and a perinuclear envelope observed in all cells imaged. Both the Golgi-associated marker Man49-mCherry (Nelson et al., 2007; Liu et al., 2016) and the TGN-associated markers SYP61 and VHA-a1 (Sanderfoot et al., 2001; Dettmer et al., 2006; Jones et al., 2017) were present in punctate compartments throughout the synergid cell (Figure 2c -e), as previously noted (Liu et al., 2016; Jones et al., 2017) . Man49 was never detected in the FA nor was there any polarly distributed signal towards this region of the synergid cells. This localization pattern was markedly different from SYP61 and VHA-a1, which both exhibited two types of distribution. The first type had a signal in the FA (as well as in compartments throughout the cell), while the other only accumulated in punctate compartments and was predominantly excluded from the FA (Figure 2d , d 0 and Table S2 ). RabA1g, which localizes to recycling endosomes in vegetative cells (Rutherford and Moore, 2002; Geldner et al., 2009) , was distributed throughout the synergid cell with both diffuse signal and punctate compartmentalization ( Figure 2f ). Focal accumulations of this marker occurred around the FA, but not necessarily within it. We additionally examined Exo70E2, a subunit of the exocyst complex, that localizes to exocyst-positive organelles (EXPOs) involved in unconventional protein secretion pathways (Wang et al., 2010; Ding et al., 2014) . EXPOs have been implicated in both pathogen response and in pollenstigma interactions during both self-incompatible and compatible pollination in Brassica and are, therefore, good candidates for playing a role in synergid function (Samuel et al., 2009; Ding et al., 2012) . Exo70E2 varied in its distribution within the synergid cell as was observed with SYP61 and VHA-a1. Punctate compartmentalization of Exo70E2-mCherry was regularly observed and at least some signal was polarly distributed towards the FA (Figure 2g ). The majority of synergids imaged had Exo70E2 within the FA, however a few synergids differed with a signal in a line at the top edge of the FA and not within the FA (see Figure 3h ). The synergids that differed typically had much larger accumulation of the marker, which also aggregated. These aggregates had a stronger fluorescence signal and thus could be associated with synergids that had higher expression levels of the marker. The peroxisome-associated marker mCherry-SKL (Nelson et al., 2007; Liu et al., 2016) accumulated within spherical compartments that were distributed throughout the synergid cell cytosol, but were excluded from the FA (Figure 2h ).
LORELEI partially co-localizes with both SYP61 and VHA-a1 in the filiform apparatus
In unfertilized embryo sacs, LRE primarily accumulates in the FA of the synergid cells; however, LRE also localizes within intracellular compartments distributed throughout the cell (Figure 1b) (Capron et al., 2008; Tsukamoto et al., 2010; Liu et al., 2016) . Previous co-localization analyses in synergid cells found that LRE did not overlap with markers associated with the ER, Golgi or peroxisomes (Liu et al., 2016) . To determine the identity of these intracellular compartments, a translational fusion of LRE and citrine yellow fluorescent protein (cYFP) was co-expressed with fluorescent markers to label additional components of the secretory pathway in the synergid cell. The four fluorescent markers SYP61, VHA-a1, RabA1g, and Exo70E2 fused to mCherry were co-expressed with LRE-cYFP in synergid cells ( Figure 3 and Table S3 ). These proteins have all been shown to localize to a number of endomembrane-associated compartments involved in endocytic and exocytic trafficking of soluble and membrane-bound cargo in vegetative cells (Foresti and Denecke, 2008; Geldner et al., 2009; Drakakaki and Dandekar, 2013) . As LRE-cYFP is highly enriched at the FA, saturation of this signal typically occurs before the LRE-associated intracellular compartments were easily visualized during post-image processing. In order to better analyze these data, images of whole synergids were cropped to remove the FA, enlarged, and the fluorescent signal adjusted to make more informed comparisons between signals corresponding to the YFP and mCherry channels. Overall, no appreciable overlap was observed between LRE-associated intracellular compartments and any of the four markers used in this analysis (Figure 3 , insets).
Three markers (SYP61, VHA-a1, and Exo70E2) were distributed towards the FA of synergid cells in a manner similar to or associated with LRE-cYFP (Figure 3 ). Of the two distribution patterns observed with both SYP61 and VHAa1, only the signal that accumulated in the FA had any overlap with LRE, indicating that some TGN-associated components may have a role in LRE's distribution to this region (Figure 3b, d ). Although the polarly localized Exo70E2 distribution within the FA was similar to LREcYFP, the two signals formed distinct subdomains with relatively little overlap ( Figure S1 ). RabA1g was mostly diffuse with some accumulation in punctate compartments throughout the synergid cell and had no detectable overlap with LRE-cYFP (Figure 3e, f) . This finding suggests that LRE-cYFP does not co-localize within EXPO-positive compartments and indicates that multiple domains may exist within the FA of A. thaliana, an observation made previously about the synergid cells of cotton (Gossypium hirsutum) (Jensen, 1965) .
Quantitative analysis of NORTIA's co-localization with endomembrane markers in the synergid cell When expressed from its native promoter, NTA-GFP accumulates specifically in the synergid cells where it mediates PT-synergid communication during PT reception (Figure 1c) (Kessler et al., 2010) . NTA-GFP predominantly colocalizes with a Golgi-associated marker in the synergid cell (Jones et al., 2017) , however NTA-GFP was also detected in other parts of the synergid cell besides the Golgi, suggesting that it also accumulates within other membrane-bound compartments. The same study found no overlap between the NTA-GFP signal and markers associated with the ER, peroxisomes, or the TGN (SYP61) (Jones et al., 2017) . If conventional trafficking pathways mediate NTA-GFP's initial retention within the Golgi or its active redistribution following PT arrival, then these nonGolgi compartments are presumably associated with the secretory pathway and it may be possible to detect overlap between NTA-GFP and the new markers generated in this study. To this end, a translational fusion of NTA-GFP was co-expressed in synergid cells with three additional endomembrane markers that had not previously been coexpressed with NTA ( Figure 4 and Table S3 ).
Co-localization was initially determined qualitatively using merged channels of NTA-GFP and the co-expressed mCherry markers acquired via CLSM. Similar to the NTA-GFP and SYP61-mCherry co-localization pattern previously reported (Jones et al., 2017) , no direct overlap was detected between NTA and VHA-a1 (Figure 4a, b) , further demonstrating that NTA is probably excluded from TGNassociated compartments prior to PT arrival. However, NTA-GFP and TGN distribution do appear to be closely associated, and agreeing with previous reports that compared Golgi and TGN dynamics using fluorescent markers for each organelle in hypocotyl cells (Viotti et al., 2010) . Co-localization of NTA-GFP and mCherry-RabA1g revealed some overlap in merged micrographs, however this overlap was only observed in a portion of the more punctate accumulations of this marker (Figure 4c, d) . As RabA1g primarily has a more diffuse distribution within the cell, we cannot say whether there is also overlap with the more diffuse NTA-GFP signal. Due to this situation, there may be some occurrences of co-localization between the two signals that remains below the resolution limits of this system. No overlap was detected for NTA-GFP and Exo70E2-mCherry in unpollinated ovules (Figure 4e, f) .
In order to make more direct comparisons between NTA-GFP co-localization with the three markers presented in this study and those previously published, we quantified the degree of co-localization between NTA-GFP and a subset of endomembrane markers analyzed previously that had punctate expression throughout the synergid. NTA-GFP's degree of co-localization with Man49, RabA1g, VHAa1, SYP61, and mCherry-SKL markers in synergid cells of unpollinated ovules was quantified and compared using both Manders' co-localization coefficients (MCC) and Pearson's correlation coefficients (PCC) ( Figure 5 ) (Manders et al., 1992 (Manders et al., , 1993 . First, in order to enrich for signal coming specifically from vesicles and to suppress instrument noise and background signal, images were processed using a median filter and then a narrow-band spatial bandpass filter (Figure 5b 2011). In support of previous findings, both MCC and PCC analyses of NTA-GFP co-localization with Man49 (Golgi) and RabA1g (endosome) showed relatively strong co-localization (Figure 5k, l) . Coefficients from NTA co-localization with RabA1g, SYP61, and VHA-a1 were not significantly different from each other with intermediate levels of overlap detected (Figure 5k, l) . NTA-GFP and the peroxisome marker had no overlap with a very low overlap coefficient using both metrics (Figure 5k, l) . Quantification of NTA's co-localization with these five markers predominantly supports the qualitative interpretation of image data ( Figure 4) and Jones et al. (2017) (l) Comparison of quantification using Pearson's correlation coefficient. Groupings of (a, b, c) are based on significant differences between datasets determined using the Kruskal-Wallis test. Sample sizes for quantification as follows: NTA + Man49 (n = 7), NTA + SYP61 (n = 6), NTA + VHA-a1 (n = 7), NTA + RabA1g (n = 8), NTA + mCherry-SKL (n = 3). Scale bar represents 10 lm.
co-occurrence with Man49 (Golgi) is not significantly different from RabA1g (endosome) but is significantly greater than the other markers analyzed.
DISCUSSION
In vivo analysis of the synergid secretory pathway
Ultrastructural and genetic analyses have both provided extensive insight into the biological function of synergid cells from many species (Huang and Russell, 1992; Kessler and Grossniklaus, 2011; Beale and Johnson, 2013) . In particular, analyses focusing on PT attraction and reception in the model system A. thaliana have produced much of what is known about the complex molecular pathways regulating these critical processes (Kessler and Grossniklaus, 2011; Beale and Johnson, 2013; Higashiyama and Takeuchi, 2015) . While the synergid cell's function is dependent on the active secretion of attractant molecules (PT attraction) and the polar distribution of membrane-bound proteins to the FA (PT reception), few tools exist to study the secretory pathway within this cell type in vivo. Constitutively expressed markers for secretory pathway compartments have been generated using both the 35S and UBQ10 promoters (Nelson et al., 2007; Geldner et al., 2009) . While these marker lines have proven to be extremely useful for sporophytic tissues, their utility in female gametophytes is limited due to the weak expression of the 35S promoter in these cells and the fact that the female gametophyte is buried under several layers of sporophytic tissue, impeding CLSM analysis of these cell types. Highly specific and strong expression of secretory pathway markers in the synergids of A. thaliana provides an invaluable tool for the analysis of the cellular processes regulating its function. The specialized nature of the synergid cell requires a thorough description of the distribution of secretory pathway components in this cell. We found no discernible differences in the distributions of the seven secretory markers assayed when co-expressed with fluorescently labelled PT reception components (LRE and NTA) or when expressed independently. These data suggest that this suite of secretory markers can be used as effective tools for co-localization analyses of synergid-expressed proteins. Additionally, these markers enable the comparative analysis of endomembrane distribution between wild type and more complex genetic backgrounds, such as mutants for essential components involved in regulating the secretory pathway. With many parallels drawn between cell-cell communication during sexual reproduction and responses to pathogens, tools like these markers could demonstrate more similarities between conserved intracellular communication pathways. This situation is especially true when comparing reproductive signaling to defence responses as much is known about the role of the secretory pathway in response to fungal pathogen infection in plants (H€ uckelhoven and Panstruga, 2011) . Investigation of the synergid secretory pathway in PT reception deficient mutants would allow us to explore additional levels of conservation between these two systems. However, the benefits of comparative analyses in synergid cells go beyond understanding the function of synergid-regulated processes. As gametophytic cells, synergids are haploid, enabling the analysis of loss-of-function and dominant-negative mutations that are lethal or have deleterious effects on normal plant growth and development by studying them in a heterozygous background.
While the majority of secretory markers used in this study maintained predictable distribution patterns in synergid cells when compared with previous descriptions (Sanderfoot et al., 2001; Geldner et al., 2003 Geldner et al., , 2009 Dettmer et al., 2006; Nelson et al., 2007) , there was some variation in marker distribution in our analysis. Both SYP61 and VHA-a1 (TGN-associated) varied in their distribution in synergid cells between exclusion from the FA and incorporation in the FA (Table S2) . Individuals exhibited consistent distribution of these two fluorescent reporters, with little to no variation between synergids within a single flower. Although the cause of these different distributions is not immediately clear, they were observed across many independent transgenic lines with different levels of marker accumulation, suggesting that it is not an artifact of insertion bias of the transgene. Both SYP61 and VHA-a1 are full-length proteins whose localization had not been previously characterized in gametophytic cells and may be influenced by other components within the cell. While every flower analyzed was imaged 2 days after emasculation (see Experimental Procedures), we cannot rule out environmental factors such as time of day or age of a specific synergid cell in influencing the distribution of these markers. As two different markers for the TGN were analyzed, and both showed variation in distribution within the cell, it is likely that this variability is biologically relevant and could represent an unknown switch in the synergid cell's secretory function (i.e. trafficking processes regulating PT attraction vs. reception). We also observed differences in the distribution of RabA1g (recycling endosome-associated) compared with what was previously reported (Geldner et al., 2009) . While punctate accumulations were detected, much of the marker's signal was more diffuse (Figure 2f ). This may represent differences in expression level between our system and that previously reported or a cellular difference in how synergids sort and regulate this class of proteins. As another indicator of the synergid cell's complexity, multiple domains within the FA were observed in synergids co-expressing LRE and Exo70E2 ( Figure S1 ). Distinct domains within an FA were previously described in cotton as two 'phases' of the synergid FA, a highly organized region with striations and an amorphous region, but no functional significance for these domains is known (Jensen, 1965) . Our analysis reveals that this characteristic may extend to the FA of A. thaliana synergid cells.
The role of the synergid endomembrane system in the distribution of pollen tube reception components LRE primarily localizes to the FA of the synergid and functions with FER to mediate interactions between the PT and synergid cell during PT reception (Capron et al., 2008; Tsukamoto et al., 2010; Li et al., 2015; Lindner et al., 2015) . A recent study exploring LRE function and localization within the synergid also demonstrated its accumulation in additional unknown intracellular compartments throughout the cell (Liu et al., 2016) . Based on the nature of LRE's polar distribution, and its role in trafficking FER from the ER to the FA, our original hypothesis was that these LREassociated intracellular compartments were a component of the secretory pathway (Li et al., 2015; Liu et al., 2016) . Co-localization analyses using a set of secretory pathway markers expressed in the synergid cell did not reveal the identity of LRE's intracellular compartment; however, this study did provide some evidence for LRE-related trafficking. The overlap between LRE and the TGN-associated markers SYP61 and VHA-a1 at the FA lends support to the notion that LRE's polar distribution is achieved, in some part, through conventional trafficking processes involving transport through the TGN to the plasma membrane. Additionally, while no direct overlap with RabA1g was found, the unique accumulation of this endosome marker at the FA suggests that there could be a relationship with endosome trafficking and FA-localized proteins (Figure 3e, f) . The role of endosomal compartments in polar trafficking has been proposed for the recycling of the PIN-FORMED (PIN) auxin efflux proteins at the plasma membrane and it is possible that the polar accumulation of PT reception components in the FA of the synergid cell could be maintained in this way (Geldner et al., 2003; Reyes et al., 2011; Naramoto, 2017) . One function of LRE is at the PT-synergid interface, demonstrated by complementation of the lre mutant with ectopic expression of LRE in the PT or with LRE fused to the transmembrane domain of FER (which ensured its localization to the FA in the synergid cell without being cleaved) (Liu et al., 2016) . As the LRE/FER receptor complex represents an upstream signaling component of the PT reception pathway, it is likely that the polar transport and maintenance of LRE/FER within the FA is critical for this important cellular function in the synergid.
NTA localizes within the Golgi of the synergid cell prior to PT arrival and redistributes towards the FA sometime during PT reception (Kessler et al., 2010; Jones et al., 2017) . Localization to the Golgi is conserved among MLO proteins that can functionally substitute for NTA when expressed in this cell type, and may represent an interaction with an unknown component involved in MLO function during PT reception (Jones et al., 2017) . Mobilization of MLO proteins to a focused domain in the plasma membrane is conserved across MLO-mediated processes. During powdery mildew infection, barley MLO redistributes to the site of fungal penetration in epidermal cells, suggesting that polarized MLO trafficking is critical for their function (Bhat et al., 2005; Kessler et al., 2010) . Quantification of NTA's co-localization revealed partial co-occurrence of NTA-GFP and mCherryRabA1g prior to PT arrival, suggesting either that NTA's retention within the Golgi or the prevention of its distribution to the FA is dependent on trafficking through endosome-associated compartments (Figure 5k ). In plants, endosomal trafficking is primarily associated with either the TGN, for transport/recycling of cargo to the plasma membrane, or multivesicular bodies (pre-vacuolar compartments), for transport related to protein degradation (Reyes et al., 2011) . Interestingly, intermediate levels of co-occurrence were detected between NTA-GFP and the TGN-associated markers VHA-a1 and SYP61 in the synergid cell, however these were significantly lower than NTA's cooccurrence with the Golgi-associated marker Man49 (Figure 5k) (Jones et al., 2017) . These data support the hypothesis that NTA's presence in endosome-associated compartments is linked to its transport out of the FA (or plasma membrane), preventing its accumulation in this region before PT arrival. This hypothesis is dependent on NTA's exclusion from the TGN. We cannot, however, rule out that NTA may still be trafficked through the TGN, but that its transport is too rapid and dynamic to detect in our in vivo assay (Viotti et al., 2010; Jones et al., 2017) .
CONCLUSIONS
In summary, the seven secretory markers described in this study provide a tool to investigate the secretory pathway in synergid cells by the reproductive and cell biology communities. Future studies can utilize this set of markers to identify the cellular compartments involved in PT attraction and reception and more thoroughly dissect processes that regulate the secretory pathway of a highly polarized haploid cell.
EXPERIMENTAL PROCEDURES Cloning and transformation
Secretory marker fusions with mCherry expressed under the MYB98pro (VHAa1 and Exo70E2) were generated in a manner similar to the previously published MYB98pro::SYP61-mCherry construct (Jones et al., 2017) . Expression vectors were generated in the pEarlyGate301 backbone using Gibson Assembly (Gibson Assembly Master Mix NEB E2611S) (Gibson et al., 2009 ). VHAa1 and Exo70E2 were amplified with PHUSION High-Fidelity Polymerase (NEB, M0535S) from Col-0 flower cDNA and MYB98pro was amplified out of a modified pMDC83 vector that incorporates the MYB98pro (Lindner et al., 2015) . Fragments were assembled after restriction digests of pEarlyGate301 with PacI (NEB R0547S) and BamHI (NEB R3136S) followed by gel purification. To generate LREpro::mCherry-RabA1g construct, the 959 bp LRE promoter and mCherry coding sequence were amplified from previous described constructs (Liu et al., 2016) ; RabA1g (AT3G15060) genomic sequence (from ATG to TGA) was amplified from Col-0 genomic DNA. These three fragments were then assembled via overlapping PCR, and cloned into a pFGC19 backbone using InFusion HD Cloning Plus (Clontech, cat. no. 638909). A flexible linker (Ala-Gly-Ala-Ala-Ala-Ala-Ala-Gly-Ala) (Tian et al., 2004) was placed between the mCherry and RabA1g sequences. Primers used for cloning are listed in Table S4 . Expression vectors containing the secretory markers were transformed into Agrobacterium tumefaciens strain GV3101 and transformed into LREpro::LREcYFP, MYB98pro::NTA-GFP, and Col-0 via the floral-dip method (Bent, 2006) . Details of the LREpro::LRE-cYFP and MYB98pro:: NTA-GFP lines used can be found in their original articles (Lindner et al., 2015; Liu et al., 2016; Jones et al., 2017) .
Plant growth and transgenic selections
Arabidopsis thaliana used for imaging was grown at 22°C under long-day conditions (16 h light/8 h dark) in a custom-built grow room. T1 generation plants were planted directly on soil [ProMix Flex supplemented with 40 g MARATHON pesticide and Peter's 20:20:20 (NPK) fertilizer at recommended levels] and cold-stratified in the dark at 4°C for 2 days. Seedlings were sprayed with BASTA herbicide for three successive days starting at 5 days after germination and resistant plants were maintained for subsequent analysis. T1 plants were screened for expression of desired constructs and two or three independent lines were carried on to the next generation for imaging. T2 seeds were bleach sterilized, plated on "MS plates, and cold-stratified at 4°C in the dark for 2 days before being moved to the grow room described above. Next, 5-7-dayold seedlings were then transplanted to soil and grown to flower for further analysis.
CLSM
All T1 lines were screened using a compound epifluorescence microscope (Nikon Eclipse Ni-U) with an X-Cite 120 LED fluorescent lamp and narrow-band eGFP and TXRed filter cubes. Mature flowers were selected and ovules dissected out retained on the septum and placed in PIPES buffer (50 mM PIPES, 5 mM EGTA and 1 mM MgSO 4 at pH 6.8) on a clean slide. Lines with varying levels of fluorescent marker accumulation were analyzed and carried forward to account for expression-level bias in marker distribution.
Final imaging was done in stable T2 lines using CLSM. Ovules were dissected out of emasculated flowers (after 2 days to ensure ovule maturity) and mounted in PIPES buffer on clean slides. Immediately after dissection, samples were imaged on a Leica TCS SP8 CLSM using a HC PL APO 940 water immersion objective (NA = 1.10) with both GFP and cYFP excited using an argon laser (488 nm and 514 nm, respectively) and mCherry excited with a 561 nm diode laser in sequential mode. Fluorescence was detected differentially using two separate HyD detectors, both in photon counting mode, obtaining single sections of synergid cells at 94.5 zoom.
Native promoter lines were imaged similar to above but with the following changes. Ovules from LREpro::LRE-cYFP in the lre mutant background and NTApro::NTA-GFP in Col-0 were imaged on the Leica TCS SP8 using a 940 water immersion objective but with no zoom. Autofluorescence was detected simultaneously along with LREpro::LRE-cYFP using a 488 nm argon laser and a separate HyD detector. The NTApro::NTA-GFP ovule was counterstained and imaged along with FM464 (Molecular Probes, T3166) as in a previous study (Jones et al., 2017) .
Quantification of co-localization
Two-channel optical sections were cropped to include only the synergid cell and filtered to remove background noise and restrict data to the resolution limits of the microscope using a custom macro in Fiji (File S1) (Schindelin et al., 2012 ). An initial median filter was used to remove salt-and-pepper detector noise. As the vesicles were near the limit of our optical resolution, we then took advantage of this and used a narrow-band spatial bandpass filter to remove background signal and instrument noise. Filtered datasets were then analyzed using the JACoP (Just Another Co-localization) plugin in Fiji (Bolte and Cordelieres, 2006) . Distributions of MCC and PCC values were compared using the non-parametric Kruskal-Wallis test. Graphs and statistical analysis were performed using Graphpad Prism software (www.graphpad.com).
Image processing and figure construction
Micrographs were edited and analyzed using Fiji (Schindelin et al., 2012 ). An ovule diagram was made using Inkscape v0.91 software.
Figures were all constructed using Gimp v2.8.14 software.
SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article. Figure S1 . LRE-cYFP co-localization with Exo70E2 in the FA of mature synergids. Table S1 . Secretory markers analyzed in the Col-0 background. Table S2 . Number of synergids expressing TGN markers with FA localization vs. no FA localization. Table S3 . Secretory markers co-expressed and imaged with LRE and NTA. Table S4 . List of primers used for cloning secretory markers. File S1. ImageJ macro for determination of degree of co-localization.
